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Metal-oxide thin films, such as AO and ABO 3 , are important components in a wide array of electronic and optical devices, and their study and manufacture involve major aspects of current science and technology [1] . The ability to deposit and tailor reliable metal-oxide films (with a particular recent emphasis on ultrathin systems) is indispensable for contemporary solid-state electronics. Many different methods are used to make these thin films, such as various physical and chemical vapor depositions mainly dependent on vacuum deposition techniques, and many new techniques have been developed [1] [2] [3] . However, the use of these vacuum deposition techniques, the high cost of necessary equipment, and restriction of coatings on a relatively small area have limited their potential applications [4] . On the other hand, chemical solution depositions (CSD) such as sol-gel and metallo-organic decomposition (MOD) are more cost-effective, but many metal oxides cannot be deposited, and the control of stoichiometry is not always possible owing to differences in chemical reactivity among the metals [5] . In particular, precise control of film thickness, crystallinity, and morphology are significant problems to be overcome in CSD [6] .
One of the challenges in solution-based processes of complex metal-oxide films has been to produce high-quality films with desired chemical composition. The sol-gel method among the CSD processes is one of the most important approaches, which are being extensively used for the fabrication of complex oxide thin films. The sol-gel method show attractive advantages due to the fact that films with extremely uniform composition over large areas can be obtained from chemical solution deposition [7] . A key issue of any CSD thin films processing is the chemistry of precursor solution, which governs the properties of the final oxide layer. Even more challenging for sol-gel processing of complex metal-oxides is the identification of a solvent system in which the multiple organometallic precursors are reciprocally compatible. Recently, a few attempts have been reportedly made to add polymer during the sol preparation to increase the critical film thickness without cracks, and to modify the mechanical properties of the resulted films [5] .
In this article, we introduce a novel method to grow the metal-oxide films using the ''polyol thermal decomposition'' (PTD) process, which is a simple methodology to enable accurate control of film thickness and composition by the spin-coating technique. To demonstrate the generality of the method, we describe the production of barium titanate (BaTiO 3 ) as a complex metal-oxide film, which is of interest for applications in electro-optic devices [8] , multilayer ceramic capacitor (MLCC) [9, 10] , tunable microwave devices [11, 12] , and high-density dynamic random access memories (DRAMs) [13, 14] . In PTD process, we used a mixture of polyol precursor solution of metal chlorides (i.e., 0.2 M of barium chloride (BaCl 2 Á2H 2 O, Showa, 99%) and 0.2 M of titanium tetrachloride (TiCl 4 , Aldrich, 99.9%) with sparingly soluble metal salts in water) with deionized water and ethylene glycol as a solvent under ambient conditions without the need for refluxing to grow the BaTiO 3 film. The preparation of polyol precursor solution is similar to the polyol process [15, 16] , using diol or polyalcohol (for example, ethylene glycol or glycerol) as a solvent to reduce metal salts to metal particles, and the Pechini process [17, 18] , except that citric acid or other chelating agents are not utilized. The polyol precursor solution also ensures a homogeneous metal distribution and prevents unwanted reaction that can lead to the formation of undesired phases. This solution can remain stable for months even when multiple metals are used.
In the deposition process reported here, the polyol precursor solution is applied onto a substrate and then spincoated at 3,000 rpm for 30 s. When the coated substrate was heated at adequate temperature in ambient conditions, the solvent of the polyol precursor solution is immediately evaporated and then deposited into the crystalline intermediate phases (correspondingly small film volume) with desired metal species on the substrate surface, which enable the growth of the metal-oxide films through thermal decomposition. In contrast, the conventional sol-gel process deposits the amorphous gel films, which cause cracking or pore collapses due to the large weight loss and shrinkage under heat treatment and thicker films [5, 7] . The major distinction between the PTD and the existing sol-gel or CSD processes is that the deposited film is not amorphous gel but intermediate crystal with small volatile carbonate species. Therefore, we have successfully grown either continuous simple or complex metal-oxide films as thin as *10 nm by spin coating using PTD process. These spin-coating cycles can be repeated to build up thicker films. The latter feature makes it possible to grow relatively thinner and crack-free metal-oxide films that are difficult to prepare by sol-gel or CSD.
We examine the evaporation for the polyol precursor solution of BaTiO 3 and characterization of crystalline thin films based on these solutions. As seen in Fig. 1 , the weight loss in the temperature region up to 700°C investigated by Thermodynamic gravimetric analysis (TGA) is about 97.4% of the initial sample weight, but mostly occurs below *150°C (about 92.7%), which was attributed to loss of solvents with ethylene glycol and water. There is no appreciable weight loss beyond 150°C. Remarkably, we observe that the solvents of ethylene glycol with aqueous metal chloride solution have been evaporated below *150°C, ultimately leading to crystalline thin films. In the inset of Fig. 1 , we also show the powder X-ray diffraction patterns for the polyol precursor solution after a TGA run terminated at two temperatures (between baking at 150°C and annealing at 700°C). The as-baked product at 150°C is found to be in crystalline Ba 2 Ti 2 O 5 CO 3 intermediate phase [19] [20] [21] [22] [23] . As the annealing temperature increased, the peaks of the crystalline intermediate phases formed at 150°C decreased by thermal decomposition and then the peaks of the polycrystalline BaTiO 3 begins to form when annealed above 500°C with weak diffraction peaks for the intermediate phase (not shown in figure) . The XRD patterns annealed at 700°C for 1 h are composed of cubic BaTiO 3 structure with lattice parameters (BaTiO 3 : a = 3.996 Å ).
In the case of BaTiO 3 , the formation mechanism from solution-derived precursor is complicated and has been argued for a long time [24] . Considering the general formation mechanism, it has been reported that BaTiO 3 forms either by a nucleation process at the BaCO 3 /TiO 2 interface or through a decomposition of crystalline Ba 2 Ti 2 O 5 CO 3 intermediate phase [19] [20] [21] [22] [23] . The first of them proposed that the solution-derived metal organic precursors decompose to form a finely divided mixture of BaCO 3 and TiO 2 , which subsequently reacts to form BaTiO 3 on heating at 600-700°C [20] . Alternatively, it has been proposed that BaTiO 3 [22, 23] . From the XRD data (Fig. 1, inset) , the as-baked film at 150°C is consistent with neither diffraction peaks of the mixture of BaCO 3 and TiO 2 [21] [20] . In PTD process, we found that the oxycarbonate Ba 2 Ti 2 O 5 CO 3 crystals (correspondingly small film volume and volatile carbonate species) were directly formed as a consequence of evaporation of polyol precursor solution, before the formation of BaTiO 3 through thermal decomposition process.
Ultrathin BaTiO 3 films per cycle were spin coated onto silicon or Pt-coated substrates from the polyol precursor solution. The spin-coated film was then immediately backed in air for 2 min at about 150°C on a preheated hot plate. Final annealing/decomposition treatments were in air at 700°C. Transmission electron microscope (TEM) image of the cross-section of a device demonstrates the ultrathin, crystalline nature of the film, with average film thickness of *70 Å . One representative high-resolution TEM image from BaTiO 3 film is also shown as an inset to Fig. 2a which displays clear lattice fringes; the distance between the fringes matches well with BaTiO 3 (4.0 Å ). An AFM image of the BaTiO 3 film deposited per cycle (Fig. 2b) also shows a densely packed particle layer completely covering the surface. The films per cycle have very smooth surface as shown by AFM image (Fig. 2b: r.m.s. roughness = 0.45 nm for a BaTiO 3 film with about *70 Å thick). From the AFM image, it can be seen that the deposited BaTiO 3 film per cycle has a smooth surface with a small grain size over conformal coverage.
The deposition rate and the surface morphology of the BaTiO 3 films grown by PTD process onto the silicon substrates at 700°C for 1 h in each spin coating cycle was monitored by ellipsometry and scanning electron micrograph (SEM). As shown in Fig. 3a , the film thickness deposited in 40 cycles grew linearly with the number of cycles, demonstrating that the same deposition thickness occurs in each PTD cycle. The average increase in film thickness per cycle is about *70 Å for BaTiO 3 films. In particular, continuous crystalline perovskite films as thin as 70 Å can be formed by spin-coating technique using the PTD process. The thickness deposited in 40 cycles can also be visualized by a cross-sectional SEM (Fig. 3a, inset) , which formed a BaTiO 3 film of nearly 290-nm thickness. Figure 3b shows an AFM image of a BaTiO 3 film deposited at 700°C for 1 h in 40 cycles and characterized by a surface roughness with a uniform, densely packed and crack-free microstructure, which is in agreement with the SEM images (Fig. 3c) . The average size and surface roughness of the densely packed spherical-shaped grains were close to 40-60 nm and 3.4 nm, respectively. It can be, therefore, described that the oxycarbonate Ba 2 Ti 2 O 5 CO 3 crystals (corresponding to small film volume) deposited through evaporation of polyol precursor solution on the substrate probably contributes to the high quality of the resulting BaTiO 3 films and the ability to achieve ultrathin dimensions. The microcracks in amorphous gel films usually emerged from the conventional sol-gel-processed films. One of the explanations for microcrack formation in sol-gel-derived films is the condensation reaction and pore collapse in amorphous gel films under heat treatment [5] . However, in this PTD process, because the oxycarbonate Ba 2 Ti 2 O 5 CO 3 crystals were decomposed to the BaTiO 3 crystals by a small volatile carbonate species on the substrate without the condensation reaction in amorphous gel films, it is also possible to grow densely packed and crack-free BaTiO 3 films.
Using the PTD process, we developed BaTiO 3 film of about 200 nm at 700°C for 1 h in 30 cycles on Pt/Ti/SiO 2 / Si substrate. The X-ray diffraction patterns of the BaTiO 3 film are shown in Fig. 4a . Apart from the substrate peaks, the peaks of (100), (110), (200), and (211) were observed, indicating that the phase-pure BaTiO 3 film is obtained. In particular, it can be seen that BaTiO 3 thin film derived from the PTD process exhibited a perovskite phase of a (110) preferred orientation. In order to fabricate a BaTiO 3 capacitor structure, a platinum top electrode was deposited at room temperature using the sputtering with a shadow mask. The area of the top electrode was 1 9 10 -4 cm 2 . The dielectric constant and the dissipation factor of a BaTiO 3 capacitor was measured as a function of frequency. As shown in Fig. 4b , the dielectric constant and the dissipation factor at 1 GHz are about 160 and 0.015, respectively. Similar dielectric measurement results have been reported for BaTiO 3 thin films prepared by the sol-gel technique. The dielectric constant of the BaTiO 3 capacitor slightly decreases with increasing frequency. There are no sudden changes in the dielectric constant and the dissipation factor within the frequency range up to 1 GHz.
In conclusion, we have successfully fabricated barium titanate (BaTiO 3 ) films on Si (100) and Pt(111)/Ti/SiO 2 /Si substrates using the polyol thermal decomposition (PTD) process by spin-coating technique. In PTD process, we confirmed that the crystalline oxycarbonate Ba 2 Ti 2 O 5 CO 3 films were directly formed as a consequence of evaporation of polyol precursor solution, prepared simply by mixing metal chlorides and ethylene glycol, and then converting them into crystalline BaTiO 3 films through thermal decomposition at [500°C. This feature makes it possible to grow densely packed and crack-free BaTiO 3 films as thin as 70 Å per cycle. Although PTD is described here for a complex metal-oxide film of BaTiO 3 , other simple and complex metal-oxide thin films with high-dielectric constant materials are also likely to be suitable for deposition with accurate control of film thickness and composition using the polyol precursor solutions.
Open Access This article is distributed under the terms of the Creative Commons Attribution Noncommercial License which permits any noncommercial use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.
